Mammalian genomes contain many thousands of members of a family of retrotransposons known as L 1 (or LINE-1) elements. These elements lack long terminal repeats (LTRs), and are thought to use a retroposition mechanism that differs from that of retroviruses and other LTR-containing retroelements. In order to define those regions of the Ll element that may be important for Ll retroposition, we examined the 3' untranslated regions (UTRs) of Ll elements from a diverse group of mammals. We show that while the 3' UTRs of Ll elements from different species share little if any sequence homology, they all contain a G-rich polypurine tract of variable length and sequence which can form one or more intrastrand tetraplexes. This conservation over the 100 Myr since the mammalian radiation suggests that either the G-rich motif itself or a conserved structure such as the tetraplex that can be formed by this motif is a significant structural feature of Ll elements and may play a role in their propagation.
Introduction
Ll elements are mobile genetic elements that are found in all species of placental mammals and in many marsupials (Burton et al. 1986 ). It is believed that an ancestral version of these elements was present in the last common ancestor of these animals that lived during the late Cretaceous or early Tertiary period about lOO-150 MYA. After the mammalian radiation, Ll elements continued to generate additional copies of themselves such that they now comprise about lo%-30% of the genetic material of mammals . Insertion of these copies into new sites in the genome (transposition) is associated with de novo mutations that in humans have resulted in a number of diseases including hemophilia (Kazazian et al. 1988) , colon cancer (Miki et al. 1992) , and Duchenne muscular dystrophy (Narita et al. 1993; Holmes et al. 1994) . There is evidence to suggest that these elements have had a significant effect on mammalian genomes (Fitch et al. 1990 (Fitch et al. , 1991 , and transposition of these elements is also associated with speciation events in murine rodents (Furano et al. 1994; Furano and Usdin 1995; . In spite of this, relatively little is known about how these elements generate additional copies of themselves and move about the genome.
Ll elements contain two open reading frames (ORFs), ORF 1 and ORF 2. ORF 2 has homology to reverse transcriptase (RT) (Scott et al. 1987; Xiong and Eickbush 1988; Dombroski et al. 1991) , and the human ORF 2 has been shown to produce a functional RT activity in yeast . These elements therefore presumably transpose via an RNA intermediate. Unlike retroviruses, Ll elements lack long terminal repeats (LTRs), and since LTRs are vital to the success of the retroviral retroposition strategy, it is believed that Ll elements use a different pathway for their propagation.
In an effort to define sequence elements that might be important for Ll retroposition, we examined the 3' UTR of Ll elements from a wide variety of mammals. We show that despite a general lack of sequence conservation in this region, a G-rich polypurine tract (PPT) is a conserved feature of Ll elements from species as diverse as primates, artiodactyls, rodents, lagomorphs, and macroscelids.
We demonstrate that the PPTs from these elements, which are significantly longer than the PPTs of retroviruses and LTR-retrotransposons, form intrastrand tetraplexes. Our observations are discussed in light of current models for retroposition of non-LTR retrotransposons.
Materials and Methods

Clones
A 382-bp Nco I/BamHI fragment containing the 3' UTR of the human L1.2 element from pLl.2a (a gift of H. H. Kazazian) was cloned into EcoRI/&zmHI digested pBCKS+ (Stratagene, La Jolla, Calif.) . A 109-bp fragment containing the 3' end of the mouse Ll element L 1 Md-A2 was amplified by PCR from a full-length A clone of the mouse element (a gift from C. Hutchison), using primers MdA2.1 (5'-TGCAGAATTCCTTTATA-TGCCCCCAGTACA-3') and MdA2.2 (5'-ACGT-GAATTCACATTTCCAATGCTATACCA-3') as follows: A solution of 1 X lo5 p.f.u. of the A clone in TE buffer was boiled for 5 min. The solution was adjusted to 10 mM Tris-HCl (pH 8.0), 25 mM MgCl*, and 200 PM dNTPs. Fifty pmol of each primer and 2.5 U of Tuq polymerase (Gibco BRL, Gaithersburg, Md.) was then added and the reaction mix subjected to 30 cycles of heating and cooling (94°C for 30 s, 55°C for 30 s, and 72°C for 30 s) in a Perkin-Elmer DNA thermocycler. The reaction mix was extracted with an equal volume of phenol : chloroform : isoamyl alcohol (25:24: l), and ethanol precipitated.
The PCR product was digested overnight with 10 U EcoRI at 37°C and purified on a 5% PAGE gel. The 109-bp fragment was excised from the gel and eluted overnight at 55°C in 100 mM Tris-HCl (pH 8.0), 5 n&I EDTA, and 500 mM NaCl. The eluate was passed through a 0.45pm
Millipore syringe filter, extracted with an equal volume of phenol, and ethanol precipitated. The gel-purified fragment was then cloned into the EcoRI site of pBCKS+, and the sequence of the PPT was verified by sequencing using standard protocols. Plasmids were grown in Escherichia coli MBM7070, isolated by alkaline lysis, and purified by CsCl gradient centrifugation according to standard procedures.
Isolation and Characterization of Ll Elephant&us edwardii
Elements from A library of randomly sheared genomic DNA from the elephant shrew Elephant&us edwardii in Lambda Zap II was a gift of G. Wistow. An Ll probe was synthesized by PCR from 100 ng of total genomic DNA from Rattus nowegicus using two primers, LlDl (5'-GCCAATCCATGAGCATGGGAGATCT-3') and LlD2 (5'-ACTAAAATCAGGGACTAGACAAGGC-3'), that are homologous to regions of the second open reading frame of the Ll element conserved in A4us domesticus and Rattus nowegicus. The PCR mix contained 100 PM of dGTP dATP and TTP and 50 PCi of [(x-32P]-dCTP (DuPont/NEN, Boston, Mass.; 3,000 Ci/mmol). This probe was purified by G-50 chromatography, denatured by heating to 37°C in the presence of 0.1 M NaOH for 5 min, neutralized by addition of 0.1 M Tris-HCl (pH 7.5) and 0.1 M HCl, and hybridized to plaque lifts from the E. edwardii library at 55°C in a solution containing 2 X SSC, 1 X Denhardt 's solution, 1% SDS, and 100 kg/ml sheared salmon sperm DNA. Filters were washed three times for 5 min each at room temperature in 2 X SSC before autoradiography.
Eight positive clones were isolated, and phagemid was rescued from the E. coli XLl-Blue cells containing these clones by infection with ExAssist Helper phage and infection of E. coli SOLR cells according to standard procedures. Sequencing was carried out using a Sequenasem (Tabor and Richardson 1987) kit (Amersham, Arlington Heights, Ill.) according to the manufacturer's instructions. The sequences of the individual clones were compared to one another and to sequences in the GenBank database.
Sequence Analysis
Analysis of the sequence of the 3' UTRs from different species was carried out using the GCG software package (GCG, Madison, Wis.) and Blast (NCBI, Bethesda, Md.).
RNA Synthesis
RNA was synthesized by in vitro transcription using the pBCKS +-derived plasmids described above. Five micrograms of plasmid template was linearized with Pvu II and incubated in 80 mM Hepes-KOH (pH 7.5), 40 mM DTT, 1 r&I spermidine, 6 mM MgC12, 750 FM rNTPs, 0.5 U inorganic pyrophosphatase (Sigma, St. Louis, MO.), 3 U Prime RNase Inhibitor (5' 3', Inc., Boulder, Colo.), and 75 U of T3 or T7 RNA polymerase (Stratagene, La Jolla, Calif.) for 2 h at 37°C. Five units of RNase-free DNase (Gibco BRL, Gaithersburg, Md.) was added to the reaction and the mixture was incubated for 1 h at 37°C. Reactions were extracted with phenol : chloroform : isoamyl alcohol, and precipitated with ethanol. Transcript size and yield were monitored by electrophoresis of a fraction of this material in a 1% agarose gel containing formaldehyde.
Tetraplex-Formation Assays
Primers for these reactions were end-labeled with [y -32P]ATP (DuPont/NEN, Boston, Mass.; 3,000-6,000 Ci/mmol) using T4 Polynucleotide Kinase (Epicentre Technologies, Inc., Madison, Wis.), and a K+-free kinase buffer (50 mM Tris-HCl, pH 8.0, 10 r&I MgCl,). Each primer extension reaction contained 2 nM of template, 0.16 nM of primer, 10 PM each of dATP dCTP dTTP and 7-deaza-dGTP 50 mM Tris-HCl (pH 9.3), 2.5 mM MgC12, 5 units of Tuq DNA polymerase (Gibco BRL, Gaithersburg, Md.) and one of the following dideoxynucleotides at the concentration indicated in parentheses: ddATP (0.3 n&I), ddGTP (0.017 mM), ddCTP (0.2 n&I), ddTTP (0.6 mM), in a total volume of 6 p,l. Cations were added to this mixture where indicated to a final concentration of 40 mM. Reactions were subjected to 30 cycles of heating and cooling (30 s at 95"C, 30 s at 55"C, and 30 s at 72°C). One half volume (3 p,l) of stop buffer (95% [v/v] formamide, 10 mM EDTA [pH 9.51, 10 mM NaOH, 0.1% xylene cyanol, 0.1% bromophenol blue) was then added and reactions were heated at 90°C for 5 min and loaded on a 6% polyacrylamide sequencing gel. RNA analysis was done using -l/100 of the transcript generated as described above. The transcript was mixed with 2.5 pmol of 32P-labeled primer and heated for 3 min at 94°C. KC1 was then added where indicated to a final concentration of 40 mM. Samples were then cooled to 37"C, and primer extensions were performed at this temperature for 20 min using 10 U of AMV reverse transcriptase (Sigma, St. Louis, MO.) in a solution of 1 X AMV-RT buffer (Sigma, St. Louis, MO.) containing 200 PM dNTPs. Three microliters of stop buffer was added to each sample and 3 ~1 of this mixture was electrophoresed on a 6% sequencing gel.
Dimethylsulphate (DMS) Modification
The oligonucleotide used in these studies (HUMGl) contained the first 30 bases of the human PPT flanked by 10 bases of non-L1 sequence at the 5' end and 25 bases at the 3' end
where the PPT is shown in bold font). End-labeled oligonucleotides were diluted in 50 mM Tris-HCl, pH 9.3,2.5 mM MgC12 or TE to a concentration of approximately 13 nM, overlaid with a drop of mineral oil and denatured for 5 min at 94°C. Immediately following denaturation, KC1 was added to some of the samples to a final concentration of 40 n-M. The samples were heated for 30 s at 94"C, 30 s at 55"C, and 30 s at 72°C on a Perkin-Elmer thermocycler. The aqueous phase was transferred to 1.5-ml screw-capped tubes. DMS modification and piperidine cleavage of labeled oligonucleotides was performed as (Swergold 1990; Minakami et al. 1992) , two open reading frames (ORF 1, which encodes an RNA-binding protein [Hohjoh and Singer 19961 , and ORF 2, which encodes a reverse transcriptase [Hattori et al. 1986; Fanning and Singer 1987; Scott et al. 1987; Dombroski et al. 1991; Mathias et al. 1991 ]), and a 3' untranslated region (3' UTR) that includes an A-rich region. B, Comparison of Ll elements from H. sapiens and R. norvegicus. Ll elements of different species differ mostly in the length and sequence of their 5' and 3' untranslated regions with the open reading frames showing much higher levels of sequence conservation than do the untranslated regions. The 3' ends of representative Ll elements from human (GB:HUMTNL22) and rat (GB:RATLIN3A) were compared using the Compare subroutine from the GCG package. The output of this program was plotted using the Dotplot subroutine. The 3' end of each ORF 2 is shown in gray, and the 3' UTR is shown in white on the element shown alongside each axis. The arrows indicate the 3' end of ORF 2. The 3' ends differ in length by -478 bp.
follows: The oligonucleotide suspensions were diluted with 180 p,l of DMS reaction buffer. Half to one microliter of DMS was added to tubes with and without KCl, respectively, and incubated at 18°C for 1 min. The reactions were stopped by precipitation with 1 ml of n-butanol. Pellets were resuspended in 100 ~1 of 1 M piperidine, incubated for 30 min at 9O"C, and then butanol precipitated.
Samples were resuspended in 6-10 ~1 of distilled HZ0 to which a l/2 volume of Sequenase Stop buffer (Amersham, Arlington Heights, Ill.) had been added, heated to 90°C for 3 min and electrophoresed at 2,500 V on a 20% polyacrylamide gel containing 7 M urea. The gel was then wrapped in plastic film and exposed to X-ray film at -70°C. The autoradiogram was scanned into a Power Macintosh 7500 using an Agfa Arcus II flatbed scanner, and the resultant image was analyzed using NIH Image (developed by Wayne Rasband at the National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-image/).
Results
The 3' End of Ll Elements is Not Conserved Between Species
The region between the termination codon for the Ll second open reading frame (ORF 2) and the A-rich region located at the 3' end of Ll elements is referred to as the 3' untranslated region (3' UTR) (see fig. 1A ). While the sequence of the ORF 2 of Ll elements is highly conserved, their 3' UTRs are much more highly diverged as evidenced by the wide variation in size (table 1) and the fact that sequence homology between any two elements from different species drops off dramatically 3' of the ORF 2 termination codon ( fig. 1B ).
All Ll Elements in GenBank with Intact 3' Ends Contain a G-rich Polypurine Tract
Examination of the 3' end of Ll elements found in GenBank (Release 95.0) indicated that the presence of a G-rich polypurine tract (PPT) close to the A-rich region is a conserved feature of Ll elements from all species for which the 3' end is known (i.e., cows and goats (artiodactyls), rabbits (lagomorphs), primates and rodents) (table 1). The PPT ranges in size from about 34 bases in goats to 62 in rabbits. The distance between the end of ORF 2 and the start of the PPT varies from -42 bp in humans to 1,260 bp in rabbits, but the distance between the 3' end of the PPT and the start of the A-rich tail varies over a smaller range: -22 bp in artiodactyls to 129 bp in humans.
Characterization of Ll Elements from the Macroscelid Elephantulus edwardii
While the evolutionary relationships of placental mammals are not fully understood, it is believed that primates, rodents, lagomorphs, and even artiodactyls form a relatively closely related group (Graur, Duret, and Gouy 1996) . To determine whether Ll elements from more distantly related animals also contain a PPT, we isolated Ll-containing clones from a library of genomic DNA from the elephant shrew Elephant&us edwardii. E. edwardii is a member of the macroscelidae, a group of animals that are believed to be one of the earliest offshoots of the eutherian lineage (de Jong, Leunissen, and Wistow 1993) . About 5% of clones in a library of randomly sheared DNA from this animal were positive with an ORF 2 probe generated by PCR from genomic DNA from the rat Rattus norvegicus. This is consistent with an Ll copy number of about 18 000 assuming a genome size of 2.9 X lo9 bp and an average insert size of 8 kb.
We sequenced eight clones that hybridized with the ORF 2 probe. One of these clones contains 256 bases from the central portion of ORF 2. This region of ORF 2 showed 71% sequence identity to bases 3891 to 4145 of GB:RATLIN3A, an Ll element from R. norvegicus, and a similar amount of sequence identity to regions of the human (GB:HUMTNL22), and the rabbit (GB: LCLlOC5R)
Ll elements. The human Ll element by comparison shows about 72% sequence identity to the rat element over this region, and the rabbit element shows about 75% sequence similarity to both the human and the rat Ll elements. The remaining elephant shrew clones contain smaller amounts of ORF 2 sequence. The elephant shrew ORF 2 sequences are 99% identical to one another, consistent with the extent of the intraspeties sequence identity seen in the ORF 2 of other animals.
The inserts of two of the clones (Ee3 and Ee6) extend 3' of ORF 2. Ee3 contains a long A-rich region 225 bases from the ORF 2 termination codon. Homology between Ee3 and Ee6 extends to the end of the insert in Ee6. The last base of the insert in this clone corresponds to the base 33 bases 5' of the A-rich region in Ee3 (fig. 2 ). This suggests that the entire sequence 3' of the stop codon for ORF 2 in Ee6 is part of the shrew Ll element. We probed the E. edwardii library with an oligonucleotide from immediately 5 ' of the A-rich region in Ee3 and found that about 5% of clones were positive. This is consistent with the number we would 148 expect for the 3' UTR since the copy number should be similar to that of the ORF 2 sequence. A probe homologous to a sequence 3' of the A-rich region gave no hybridizing plaques in 2,000 clones screened (data not shown). Given that Ll elements from other animals all terminate in an A-rich region and that the sequence 3' of the A-rich region is apparently not present at high copy number, we believe that the A-rich region in Ee3 represents the 3' end of the elephant shrew Ll element. As can be seen from the sequence shown in bold type in figure 2, E. edwardii Ll elements also contain a PPT at their 3' ends, with the 3' end of the PPT being -51 bases 5' of the A-rich tail. The PPT of Ee3 is 57 bp long, while the PPT of Ee6 contains an additional 59 bases (underlined in fig. 2 ). The additional bases include a string of 18 pyrimidines followed by a 3%bp purinerich tract. As expected, the 3' UTR of the elephant shrew Ll is not homologous to the 3' UTR of Ll elements from other mammals.
The PPT of Mammalian Ll Elements Can Form Intrastrand Tetraplexes
While all mammalian Ll elements have a PPT, the PPTs are not homologous. The retention of a G-rich motif in the absence of sequence conservation suggests that some other property of the PPTs, perhaps the ability to form a particular secondary structure, may be conserved. G-rich sequences can form a variety of different structures including hairpins, triplexes, and tetraplexes. Certain stable secondary structures block DNA synthesis in vitro (Baran, Lapidot, and Manor 1991; and Mirkin 1992; Weitzmann, Woodford, and , and the characteristics of the blocks can be diagnostic of the underlying secondary structure.
For 1996) . Intrastrand tetraplexes involve the interaction of four G-rich regions on a single nucleic acid strand. Four G's, one from each of the four G-rich regions, interact are seen only when the G-rich strand is used as the temto form a planar tetrad held together by Hoogsteen base interactions ( fig. 3) . A series of successive tetrads make up the stem of the tetraplex which is bounded by loops formed by the bases between the G-rich regions. Unlike 1990). As expected, other known noncanonical DNA structures such as hairpins, triplexes, and Z-DNA show no such K+-specific effect. We have shown using a variety of synthetic and naturally occuring tetraplex-forming sequences that K+-dependent DNA synthesis arrest makes a reliable, sensitive and specific assay for intrastrand tetraplexes (Woodford, Howell, and Usdin 1994; Usdin and Woodford 1995; Howell et al. 1996; Weitzmann, Woodford, and Usdin 1996) .
The purine-rich strand of the Ll PPTs from humans, mice, and elephant shrews all form a series of K+-dependent blocks to DNA synthesis in vitro (fig. 4) . The locations of these blocks are shown in figure 5 . No such polymerase stops are seen in the absence of monovalent cation, or in the presence of other monovalent cations such as Na+ (fig. 4 ). The complementary strand shows no such stops (data not shown), and formation of these blocks is independent of template concentration over a wide range, consistent with the formation of intrastrand tetraplexes.
In the case of the human PPT, at least two different tetraplexes are formed as evidenced by the two distinct K+-dependent stop sites at the 30fh and 3Sh bases from the 5' end of the PPT (GjO and T35, respectively, in fig.  5 ). We know from previous work that the polymerase stops at the base immediately preceding the tetraplex . Therefore, in the tetraplex causing the stop at G30 the 3'-most base in the structure is Gz9. The 3'-most base in the tetraplex responsible for the stop at T35 corresponds to the last base in the PPT (G&. The mouse PPT produces one major cluster of blocks to DNA synthesis at the 3' end of the PPT as well as a number of other chain termiplate, and, form even in the absence of the complementary strand. These blocks are independent of template concentration, as one might expect of an intrastrand structure, and, unlike a triplex formed between the template and the nascent strand, the blocks to DNA synthesis occur at the 3' end rather than in the middle of the of the G-rich sequence . Incorporation of 7-deazaguanine into the template abolishes both the tetraplex and the blocks to DNA synthesis, and under these reaction conditions, guanines on the template show a pattern of alternating dimethylsulphate (DMS) protection and reactivity immediately 5' of the blocks to DNA synthesis that is diagnostic of tetraplexes (Woodford, Howell, and Usdin 1994; Usdin and Woodford 1995; Howell et al. 1996; Weitzmann, Woodford, and Usdin 1996) . Most striking, however, is the absolute dependence of these blocks to DNA synthesis on the presence of K+. This K+ dependence does not reflect a nonspecific requirement for ion screening shown), and both -a discrete and a diffuse set of stops in the case of Ee6 (figs. 4 and 5). The additional set of nation products (figs. 4 and 5). The elephant shrew Ll stops in Ee6 is due to the additional bases in the PPT elements produced one major region of K+-dependent of this element that divide it into two parts, each capable of forming one or more tetraplexes.
blocks to DNA synthesis in the case of Ee3 (data not Characterization of One of the Tetraplexes Formed by the Human PPT Because the human PPT forms at least two different tetraplexes that would complicate structural analysis, we carried out dimethylsulphate (DMS) modification of an oligonucleotide containing bases l-30 of the PPT (see fig. 5 and ikterials and Methods). This sequence is sufficient to produce the structure responsible for the GsO stop, but not the one underlying the stop at T35. DMS reacts with the N7 of G's. Hydrogen bonding in G,-tetrads involves the N7 residue of all participating G's (see fig. 3 ), and these G's are thus protected from modification by DMS. DMS reactive and nonreactive since other monovalent cations do not have the same bases can be -distinguished because piperidine only effect. Rather, it reflects the unique ability of K+ to stacleaves those G's that have reacted with DMS. The bilize tetraplexes.
K+ has this effect because its ionic DMS/piperidine cleavage products for the human Ll radius is such that it can fit inside the tetraplex stem and PPT are shown on the left side of fig. 6 . form a coordination complex with the O6 atoms in adOur previous work showed that tetraplex-forming jacent tetrads (Pinnavaia et al. 1978 ; Sen and Gilbert sequences form hairpins in the absence of monovalent figure 3 . The PPT is shown as a white box with the sequence 3' of the PPT shown as a black line. Our numbering convention makes the 5'-most base in the PPT base 1. This base is indicated by the grey arrow. The direction of DNA synthesis is shown as the dashed arrow. A block to DNA synthesis (stop site) is shown by the black arrow. B, Positions of the K+-dependent DNA polymerase stop sites in the human, mouse, and elephant shrew 3' UTRs. The PPT is shown in bold type, The positions of the discrete blocks to DNA synthesis shown in figure 3 are marked by arrows above the sequence. Broad K+-dependent regions of premature chain termination are indicated by the shaded boxes. The two major polymerase stop sites in the human Ll PPT at G,, and T,, are shown above the human Ll sequence. The sequence underlined in the human PPT was incorporated into the oligonucleotide used to determine the structure responsible for the stop at G,,-(see figs. 6 and 7).
active as the same bases in the absence of K+, and the most protected bases are lo%-25% as reactive as the corresponding bases in the K+-free reaction. The pattern of DMS reactivity in which four regions of more protected G's alternate with regions of relatively strongly reactive G's is consistent with tetraplex formation. This pattern of DMS reactivity is independent of oligonucleotide concentration over a wide range, indicative of the formation of an intrastrand structure. This is consistent with our observation that no intermolecular association of the oligonucleotide occurs under our reaction conditions as assessed by nondenaturing gel electrophoresis (data not shown). The most parsimonious interpretation of the pattern of DMS modification is that the most protected guanines participate in guanine tetrads in the stem of the tetraplex, with the more reactive G's being located in the loops. The partial protection of these bases in the presence of K+ can be explained by inter-and intraloop interactions and/or conformational polymorphism (Usdin and Woodford 1995) . A model for the structure of this tetraplex is shown in figure 7 . This structure is unusual in a number of respects since in order to account for the pattern of DMS protection we have had to invoke an AGGG-tetrad, and a number of G-G base pairs in which one guanine is the obligatory N7 donor (e.g., Gig, which we suggest is base-paired with G&. We would expect that the DMS protection pattern of the full-length PPT would be more complex since two different structures are present. However, since these structures are both tetraplexes, we would predict that significant DMS protection of most of the guanines would still be evident.
RNA from the PPT Also Forms a Strong Secondary Structure
In order to test for the formation of secondary structure in the PPT of the Ll transcript, we synthesized an RNA template from the human element L1.2, and from the mouse element LlMd-A2. Figure 8 shows that RNA transcripts from both the human and mouse Ll elements form strong blocks to DNA synthesis by an RNA-dependent DNA polymerase (reverse transcriptase, RT). However, this block to RT is not K+-dependent, since it is seen even in the absence of monovalent cation. Since these blocks to DNA synthesis occur in the same positions as the blocks seen on DNA templates, it is possible that the underlying molecular basis is similar. We have previously shown that large DNA tetraplexes are stable in the absence of K+ . RNA hairpins are more stable than DNA hairpins (Antao and Tinoco 1992) , and the RNA version of the Ll DNA tetraplex may be sufficiently stable so as to be independent of K+. Since the human Ll PPT is one of the shortest Ll PPTs known, formation of a stable secondary structure by this PPT makes it very likely that similar structures formed by the longer PPTs in Ll transcripts from other animals will also be stable.
Discussion
The 3 ' UTRs of previously characterized Ll elements from primates, rodents, lagomorphs and artiodac-ence of an additional 59 bp of sequence in the PPT of Ee6. The additional bases included a short pyrimidine tract followed by a long string of purines. This is the first report of such length variants in Ll PPTs.
The 3' UTRs of these two Ll elements are 85% identical (92% if the PPT is excluded). This compares to a sequence identity of 98% for two rat Ll elements (GB:RATLIN3A and GBRNMLVI2R) . Assuming a neutral substitution rate of 1% per Myr, this level of sequence divergence indicates that the two elephant shrew Ll elements last shared a common ancestor about 4 MYA. The ORF 2 region of Ee3 and Ee6 are 99% identical. The difference in the extent of divergence of ORF 2 and the 3' UTR suggests that like Ll elements in other animals, the 3' UTR is changing more rapidly than ORF 2. This presumably reflects a lack of selection at the sequence level for the 3' UTR. The extent of ORF 2 sequence homology and the fact that both reading frames are still open suggests that these ORFs evolved under selective pressure for much of of the 4 Myr since the elements diverged. Our data thus indicate that Ee3 and Ee6 represent members of two different Ll lineages/subfamilies that have been evolving independently for some time. The presence of a PPT in Ll elements from this representative of an ancient mammalian lineage supports the hypothesis that a PPT is an evolutionarily conserved feature of Ll elements.
While this work was in progress, a partial sequence of an Ll element from Didelphis virginiana, a North American marsupial, was published (Dorner and Paabo 1995) . However, the sequence of this element does not extend as far 3' as an A-rich region although there is a 36-base-long PPT 294 bases downstream of the ORF 2 termination codon. If this PPT is indeed located at the 3' end of the full-length Ll element, it would provide additional support for the argument that a PPT is a functionally important feature of Ll elements.
While the sequence of the PPTs varies among different genera, we have found that the PPT from animals as diverse as elephant shrews, rabbits, mice and humans form a set of related DNA secondary structures known as intrastrand tetraplexes. We also demonstrate directly that RNA transcripts of both the human and mouse PPTs are capable of forming intrastrand folded structures as well, and it is likely that RNA versions of the PPTs from other species would do likewise. functionally interchangeable, and it has therefore been suggested that some conserved secondary structure in these 3' UTRs might be important for recogition of the transcript by the R2 reverse transcriptase (Luan and Eickbush 1995) . By analogy with R2 elements, it may be that the Ll PPT provides the structure necessary for recognition of the Ll transcript by the Ll RT. Once this recognition has been accomplished, any impediment to reverse transcriptase could be removed by one of a variety of proteins that are able to remove secondary structures from nucleic acids (Waga, Mizuno, and Yoshida 1990) . The frequency of successful tetraplex removal need not be 100% and may represent one level at which propagation of this element is controlled.
The RNAs of retroviruses and LTR-retrotransposons form parallel dimers (Coffin 1979) . The role of retroelement dimerization is still unclear, but there is evidence to suggest that this process is important for reverse transcription of the retroelement by facilitating template strand switching (Jones, Allan, and Temin 1993) . It has also been suggested that dimerization is important for the generation of retroelement genetic diversity, and in packaging (Fu and Rein 1993) . Dimerization occurs via RNA-RNA interactions since dimers are stable even after removal of all proteins (Duesberg 1968) and can form spontaneously in the absence of proteins if the concentrations of particular cations are high enough (Marquet et al. 1991; Paoletti et al. 1993) . Sequences that form intrastrand (unimolecular) tetraplexes can often also form bimolecular tetraplexes (Sen and Gilbert 1990) , so it is possible that two Ll transcripts may associate in this way to form dimers. Other ways the G-rich element may affect Ll retroposition include increasing the efficiency of pre-mRNA processing in a manner analogous to the effect of the G-rich element upstream of the SV40 late polyadenylation signal (Bagga et al. 1995) , or increasing the stability of the Ll transcript, thus increasing the probability that successful retroposition will occur.
Sequence Availability
The DNA sequences reported in this paper have been deposited in the GenBank database under accession numbers U62039 (Ee3) and U62040 (Ee6).
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